Young ME. Biotinylation: a novel posttranslational modification linking cell autonomous circadian clocks with metabolism. Am J Physiol Heart Circ Physiol 310: H1520 -H1532, 2016. First published April 15, 2016; doi:10.1152/ajpheart.00959.2015.-Circadian clocks are critical modulators of metabolism. However, mechanistic links between cell autonomous clocks and metabolic processes remain largely unknown. Here, we report that expression of the biotin transporter slc5a6 gene is decreased in hearts of two distinct genetic mouse models of cardiomyocyte-specific circadian clock disruption [i.e., cardiomyocyte-specific CLOCK mutant (CCM) and cardiomyocyte-specific BMAL1 knockout (CBK) mice]. Biotinylation is an obligate posttranslational modification for five mammalian carboxylases: acetyl-CoA carboxylase ␣ (ACC␣), ACC␤, pyruvate carboxylase (PC), methylcrotonyl-CoA carboxylase (MCC), and propionylCoA carboxylase (PCC). We therefore hypothesized that the cardiomyocyte circadian clock impacts metabolism through biotinylation. Consistent with decreased slc5a6 expression, biotinylation of all carboxylases is significantly decreased (10 -46%) in CCM and CBK hearts. In association with decreased biotinylated ACC, oleate oxidation rates are increased in both CCM and CBK hearts. Consistent with decreased biotinylated MCC, leucine oxidation rates are significantly decreased in both CCM and CBK hearts, whereas rates of protein synthesis are increased. Importantly, feeding CBK mice with a biotinenriched diet for 6 wk normalized myocardial 1) ACC biotinylation and oleate oxidation rates; 2) PCC/MCC biotinylation (and partially restored leucine oxidation rates); and 3) net protein synthesis rates. Furthermore, data suggest that the RRAGD/mTOR/4E-BP1 signaling axis is chronically activated in CBK and CCM hearts. Finally we report that the hepatocyte circadian clock also regulates both slc5a6 expression and protein biotinylation in the liver. Collectively, these findings suggest that biotinylation is a novel mechanism by which cell autonomous circadian clocks influence metabolic pathways.
A HALLMARK OF ENERGY HOMEOSTASIS is the fluctuation of metabolic processes within a physiologic range, in response to both endogenous and exogenous stimuli/stresses. This is illustrated by alterations in energy homeostatic parameters on a daily basis. More specifically, sleep/wake and fasting/feeding cycles impact daily oscillations in both energy supply and demand, which normally remain in synchrony with time-of-day-dependent perturbations in metabolic fluxes (5, 6) . Classically, rhythms in metabolism have been attributed to factors extrinsic to cells/tissues, including behavior-induced fluctuations in neurohumoral factors (e.g., postprandial rise in circulating insulin levels). More recently it has become apparent that an intrinsic, cell autonomous mechanism, known as the circadian clock, orchestrates the timing between extracellular stimuli and metabolic processes (5, 6, 17) . The physiological significance of this molecular mechanism has been highlighted in animal models of genetic disruption of the circadian clock, which often present cardiometabolic disease phenotypes (33, 44, 57) . It is noteworthy that behavioral (e.g., shift work) and/or genetic (e.g., polymorphisms) perturbations in the synchrony between the environment and the intrinsic clock mechanism are associated with increased risk for obesity, diabetes, and hypertension in humans (29, 47, 58) .
The circadian clock is a transcriptionally based mechanism, composed of a series of positive and negative feedback loops (53) . At the heart of the mechanism reside two transcription factors, BMAL1 and CLOCK, which, upon heterodimerization, bind to E-boxes within target genes, resulting in induction (18, 25) . Several target genes encode for negative clock components, such as PERIOD 1/2/3, CRYPTOCHROME 1/2, and REV-ERB␣; these negative components repress transcriptional activity of BMAL1/CLOCK (30, 40, 48) . The latter repression is relieved when levels of the negative components decrease; one cycle takes ϳ24 h. It has been estimated that circadian clocks modulate expression of up to 13% of the cellular transcriptome, which in turn carries the potential to perturb distinct biological processes in a time-of-day-dependent manner (51) . However, a recent comparison of gene expression microarray data sets with proteomic analyses suggests that only ϳ50% of the proteins that oscillate over the course of the day in liver and heart can be explained by fluctuations in gene expression (39, 42) . Such observations suggest an important role for posttranscriptional mechanisms. Posttranslational modifications (PTMs) have emerged not only as being integral to the circadian clock mechanism but also as key mechanisms by which the circadian clock influences biological processes, including metabolism. Clock controlled PTMs identified to date include phosphorylation, ubiquitination, SUMoylation, ADP-ribosylation, O-GlcNAcylation, and acetylation (3, 4, 9, 14, 23, 28, 35) . In the latter case, recent studies by Peek et al. (37) in the liver suggest that direct BMAL1/CLOCK regulation of nampt [encoding for nicotinamide phosphoribosyltransferase (NAMPT)] influences hepatic NAD ϩ levels, which in turn modulate acetylation of mitochondrial ␤-oxidation enzymes via NAD ϩ -dependent sirtuins. Accordingly, livers from germline BMAL1 null mice have been reported to exhibit decreased NAMPT and NAD ϩ levels, associated with increased acyl-CoA dehydrogenase acetylation and decreased rates of fatty acid ␤-oxidation (37) .
In an attempt to elucidate novel mechanisms by which cell autonomous circadian clocks influence metabolic pathways, we have generated various mouse models of cell-type specific circadian clock dysfunction. Two of these models have focused on the heart, given that this organ: 1) has a high metabolic rate; 2) is responsive to fluctuations in energy supply and demand; and 3) is sensitive to various homeostatic neurohumoral factors (e.g., insulin). These models are cardiomyocyte-specific CLOCK mutant (CCM) and cardiomyocyte-specific BMAL1 knockout (CBK) mice (7, 15, 60) . Using these complementary models, we have reported that the cardiomyocyte circadian clock influences myocardial ketone body, glucose, and fatty acid metabolism (14, 55, 60) . In the cases of glucose and fatty acids, both oxidative and nonoxidative metabolism appear to be clock regulated. Unlike livers from germline BMAL1 knockout mice, hearts from CCM and CBK mice both exhibit increased fatty acid oxidation (7, 60) . Furthermore, despite decreased NAMPT expression in CCM and CBK hearts, protein acetylation is decreased (38) . These data suggest that cell autonomous circadian clocks may influence fatty acid ␤-oxidation through multiple mechanisms.
A key regulatory site for ␤-oxidation is the carnitine shuttle, which is essential for the entry of long chain fatty acids into the mitochondrial matrix. Acetyl-CoA carboxylase (ACC) synthesizes malonyl-CoA, an allosteric inhibitor of the carnitine shuttle (binding to carnitine acyltransferase 1) (34) . ACC␤, the important regulatory isoform in metabolically active tissues, is phosphorylated and inactivated by AMP-activated protein kinase (AMPK) (43) . Recent investigation of ACC␤ phosphorylation revealed no difference in CCM hearts, relative to littermate control hearts (38) . ACC␤ is subject to biotinylation, a distinct PTM that is essential (i.e., obligate requirement) for enzymatic activity of all mammalian carboxylases [i.e., ACC␣, ACC␤, pyruvate carboxylase (PC), methylcrotonyl-CoA carboxylase (MCC), and propionyl-CoA carboxylase (PCC)] (31, 54) . Interestingly, a recently published gene expression microarray interrogating genes that are differentially expressed in a common manner in both CCM and CBK hearts (relative to littermate controls) suggested decrease levels of slc5a6, encoding for sodium-dependent multivitamin transporter (SMVT) (60) . SMVT transports biotin into cells (41) . We therefore hypothesized that the cardiomyocyte circadian clock influences myocardial fatty acid oxidation through biotinylation of ACC␤. Here, we confirm decreased slc5a6 expression in CCM and CBK hearts and highlight biotinylation as a novel connection between the cardiomyocyte circadian clock with regulation of myocardial fatty acid and amino acid metabolism. We also reveal that the hepatocyte circadian clock similarly regulates protein biotinylation in the liver, suggesting that this mechanistic link is present in multiple organs.
MATERIALS AND METHODS
Mice. The present study utilized: 1) CCM (␣-MHC-dnCLOCK ϩ/Ϫ ) and littermate controls (␣-MHC-dnCLOCK Ϫ/Ϫ ) on the FVB/N background; 2) CBK (BMAL1 flox/flox /␣-MHC-CRE ϩ/Ϫ ) and littermate controls (BMAL1 flox/flox /␣-MHC-CRE Ϫ/Ϫ ) on the C57BL/6J background; and 3) HBK (BMAL1 flox/flox /Albumin-CRE ϩ/Ϫ ) and littermate controls (BMAL1 flox/flox /Albumin-CRE Ϫ/Ϫ ) on the C57BL/6J background. Both CBK and CCM mice have been described previously (7, 15, 60) . All experimental mice were male, 12-16 wk old (at the time of euthanasia), and were housed at the Animal Resource Program at the University of Alabama at Birmingham (UAB), under temperature-, humidity-, and light-controlled conditions. A strict 12:12-h light-dark cycle regime was enforced (lights on at 6 AM; zeitgeber time 0); the light/dark cycle was maintained throughout these studies. As such, physiologic diurnal variations were investigated in mice (as opposed to circadian rhythms). All mice were housed within regular microisolator cages and had free access to food and water. All animal experiments were approved by the Institutional Animal Care and Use Committee of UAB.
Diets. Unless otherwise indicated, mice were given a standard rodent chow. For a subset of mice, 10-wk-old mice were fed a biotin-supplemented diet (Teklad TD.02458; biotin content 100 ppm); a calorically matched control diet was also utilized, which differed only in the biotin content (Teklad TD.97126; biotin content 1 ppm). Mice were fed these specialized diets for a 6-wk duration (i.e., mice euthanized at 16 wk of age). Biotin-supplemented and control diets have been utilized previously to study the impact of biotin on glucose homeostasis in mice (32) .
Quantitative RT-PCR. RNA was extracted from hearts using standard procedures (11) . Candidate gene expression analysis was performed by quantitative RT-PCR, using methods described previously (21, 24) . For quantitative RT-PCR, specific Taqman assays were designed for target mRNA species from mouse sequences available in GenBank. Quantitative RT-PCR data are presented as fold change from the trough value in littermate controls.
Cell culture and transfections. HepG2 cells (ATCC) were grown and maintained in DMEM supplemented with 10% fetal bovine serum and 1% penicillin streptomycin. For transfections, 1 g of each plasmid (BMAL1 and/or CLOCK) and the total DNA (2 g) per well was maintained with empty vector per well of a 12-well plate. Cells were transfected using Lipofectamine 3000 (Invitrogen) according to manufacturer's instructions and RNA was isolated ϳ48 h posttransfection.
Immunoblotting. Qualitative analysis of protein expression and posttranslational modifications (e.g., biotinylation, phosphorylation) was performed as described previously (20, 38) . Lysates (5-30 g) were separated on a 6 or 10% bis-acrylamide gel by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to a PVDF membrane and initially stained with ponceau for assessment of total protein loading. Membranes were subsequently probed with a streptavidin-horseradish peroxidase (HRP) conjugate (GE Healthcare Life Cciences RPN1231) for assessment of protein biotinylation or with anti-SLC38A9 (Abcam 81687), anti-RRAGD (Abcam187679), antip62 (Abnova H00008878-M01), anti-mammalian target of rapamycin (anti-mTOR) (Cell Signaling 2983), anti-p-mTOR (Cell Signaling 2971), anti-4E binding protein 1 (4E-BP1) (Cell Signaling 9452), anti-p-4E-BP1 (Cell Signaling 2855), or anti-calsequestrin (Abcam 3516). In the case of protein biotinylation, three prominent bands are detected in the murine heart at ϳ265, 130, and 75 kDa, representing ACC␣/␤, PC, and PCC/MCC, respectively (20) . It is important to note that due to similarities in molecular weight, these blots cannot distinguish between ACC␣ and ACC␤; the same is true for PCC and MCC, which co-migrate with one another. Bands were visualized with Luminata Forte Western HRP Substrate (Millipore) on PVDF membranes with a Bio-Rad Chemidoc and quantified using ImageJ (National Institutes of Health). Biotinylated carboxylases were normalized to ponceau stain, whereas SLC38A9, RRAGD, p62, p-4E-BP1, and p-mTOR were normalized to calsequestrin.
Working mouse heart perfusions. Myocardial substrate utilization and contractile function were measured ex vivo through isolated working mouse heart perfusions, as described previously (7, 14, 55, 56) . All hearts were perfused in the working mode (nonrecirculating manner) for 30 min with a preload of 12.5 mmHg and an afterload of 50 mmHg. Standard Krebs-Henseleit buffer was supplemented with 8 mM glucose, 0.4 mM oleate conjugated to 3% BSA (fraction V, fatty acid-free; dialyzed), 5 mM lactate, 0.5 mM pyruvate, 10 U/ml insulin (basal/fasting concentration), 0.05 mM L-carnitine, 0.13 mM glycerol, and a cocktail of all 20 amino acids at physiologic concentrations (0.1 mM alanine, 0.6 mM arginine, 0.1 mM asparagine, 0.1 mM aspartic acid, 0.1 mM cystine, 0.1 mM glutamic acid, 2.0 mM glutamine, 0.1 mM glycine, 0.2 mM histidine, 0.4 mM isoleucine, 0.4 mM leucine, 0.4 mM lysine, 0.1 mM methionine, 0.2 mM phenylalanine, 0.1 mM proline, 0.1 mM serine, 0.4 mM threonine, 0.5 mM tryptophan, 0.2 mM tyrosine, and 0.4 mM valine). Metabolic fluxes were assessed through the use of distinct radiolabeled tracers: 1) [9,10- 3 H]oleate (0.067 mCi/l; ␤-oxidation); and 2) [U-14 C]leucine (0.08 mCi/l; leucine oxidation and net protein synthesis). Measures of cardiac metabolism (e.g., oxygen consumption) and function (e.g., cardiac power) were determined as described previously (7, 14, 55, 56) . At the end of the perfusion period, hearts were snap-frozen in liquid nitrogen and stored at Ϫ80°C before analysis. It is important to note that previous studies have shown that similar perfusion conditions provide alternative substrates, such that fatty acid oxidation rates are attenuated (50, 52) .
Statistical analysis. Statistical analyses were performed using student t-tests and two-way ANOVA, as described previously (7, 8) . Briefly, Excel 2010 was used to perform Student's t-tests (only when 2 experimental groups were investigated). Stata version IC10.0 (Stata, San Antonio, TX) was used to perform two-way ANOVA to investigate main effects of time, genotype, and/or diet, followed by Bonferroni post hoc analyses for pair-wise comparisons (indicated in figures). In all analyses, the null hypothesis of no model effects was rejected at P Ͻ 0.05.
RESULTS
Decreased expression of slc5a6 in the heart following cardiomyocyte circadian clock disruption. Unbiased gene expression microarray studies have been performed for hearts isolated from CBK and CCM, vs. littermate control, mice (7, 60) . Review of this data for alterations in gene expression that might influence fatty acid metabolism identified slc5a6 (encoding SMVT) as being decreased in both CBK and CCM hearts. Given that SMVT transports biotin, and that biotinylation is essential for carboxylases within multiple metabolic pathways, we decided to validate these findings through RT-PCR (Fig. 1, A and B) . This analysis confirmed decreased expression of slc5a6 in hearts of CBK (27% decrease; Fig.  1Aii ) and CCM mice (22% decrease; Fig. 1Bii ) in a time-ofday-independent manner (i.e., main effect of genotype). In contrast, no significant time main effect was observed in control hearts. Unfortunately, an antibody specific for murine SMVT is not commercially available; several antibodies specific for the human protein were tested in mouse tissues but failed to detect the protein (data not shown).
Decreased protein biotinylation in heart following circadian clock disruption. Since SMVT is known to transport biotin into cells, protein biotinylation was next assessed in CBK, CCM, and littermate control hearts. Consistent with decreased slc5a6 gene expression, total protein biotinylation was decreased by 18% in CBK hearts (Fig. 2Ai) ; based on molecular weight, biotinylation of ACC␣/␤, PC, and PCC/MCC was significantly decreased by 19, 46, and 42% (respectively) in CBK hearts in a time-of-day-independent manner ( Fig. 2 , Aii-Aiv). Given that no significant main effect of time was observed for biotinylation of the carboxylases in control hearts ( Fig. 2A) , we assessed protein biotinylation in CCM and control littermate hearts isolated only at zeitgeber time 6 (Fig. 2B ). Total protein biotinylation was decreased by 18% in CCM hearts; biotinylation of ACC␣/␤, PC, and PCC/MCC was significantly decreased by 27, 35, and 24% (respectively) in CCM hearts (Fig. 2B) .
Dietary biotin supplementation increases protein biotinylation in CBK hearts. We next investigated whether a biotinsupplemented diet could normalize protein biotinylation in the heart in a mouse model of cardiomyocyte-specific circadian clock disruption. Given that the slc5a6 mRNA and protein biotinylation were similarly affected in both CBK and CCM hearts (Figs. 1 and 2), only one model was chosen for these feeding studies (namely CBK mice). Accordingly, CBK and littermate control mice were fed either a biotin-supplemented or control diet for 6 wk. Consistent with the data in Fig. 2B , biotinylation of ACC␣/␤, PC, and PCC/MCC was decreased in hearts isolated from CBK mice fed a control diet (relative to littermate controls; Fig. 3 ). Biotin supplementation had no significant effect on protein biotinylation in littermate controls (Fig. 3) . In contrast, biotin supplementation increased protein biotinylation in CBK hearts; biotinylation of ACC␣/␤ and PCC/MCC was essentially normalized, while PC biotinylation was only partially normalized (Fig. 3) .
Dietary biotin supplementation partially normalized oxidative metabolism in CBK hearts. We next determined whether 6-wk dietary biotin supplementation influenced oxidative metabolism in hearts isolated from CBK mice. Consistent with decreased biotinylation of ACC␣/␤ (Figs. 2 and 3 ), previous studies have reported increased oleate oxidation in both CCM and CBK hearts (7, 60) . The present study confirms increased oleate oxidation rates in hearts of CBK mice fed a control diet (relative to littermate controls), which are normalized following biotin supplementation (Fig. 4A ). Consistent with decreased biotinylation of MCC (Figs. 2 and 3) , rates of leucine oxidation are decreased in hearts of CBK (0.074 Ϯ 0.005 vs. 0.060 Ϯ 0.003 mol·min Ϫ1 ·g dry wt Ϫ1 in control vs. CBK hearts, respectively; P Ͻ 0.05) and CCM (0.074 Ϯ 0.004 vs. 0.052 Ϯ 0.005 mol·min Ϫ1 ·g dry wt Ϫ1 in control vs. CCM hearts, respectively; P Ͻ 0.05) mice fed a control diet (relative to littermate controls). Although the biotin supplemented diet tended to increase leucine oxidation rates in CBK hearts, this effect was not statistically significant (Fig. 4B) . Biotin supplementation did not significantly influence either fatty acid or leucine oxidation rates in littermate control hearts (Fig. 4, A  and B) . It is noteworthy that oxygen consumption, cardiac power, and rate pressure product were not significantly different between the four experimental groups (Table 1) .
CBK hearts exhibit increased rates of protein synthesis, which are normalized by dietary biotin supplementation. In addition to oxidative metabolism, leucine can be incorporated into protein (i.e., protein synthesis). Accordingly, rates of [ 14 C]leucine incorporation into protein (i.e., net protein synthesis) were determined in hearts isolated from CBK and control littermates fed either a control or biotin-supplemented diet. Net protein synthesis was significantly increased in CBK hearts relative to littermate control hearts (Fig. 4C) . Biotin supplementation had no effect on net protein synthesis in control littermate hearts (Fig. 4C) . In contrast, biotin supplementation normalized rates of net protein synthesis in CBK hearts (Fig. 4C) .
Accumulating evidence suggests that leucine promotes protein synthesis through activation of mTOR and downstream targets (e.g., 4E-BP1) (22) . We therefore hypothesized that decreased leucine oxidation in CBK hearts may increase the availability of "free" leucine for mTOR activation, thus resulting in increased protein synthesis, and that partial normalization of leucine oxidation through biotin supplementation may be sufficient to attenuate protein synthesis. Consistent with this hypothesis, both p-mTOR and its downstream mediator p-4E-BP1 were increased in CBK hearts (genotype main effect; Fig.  5A ). Importantly, biotin supplementation normalized p-4E-BP1 levels in CBK hearts (Fig. 5A) , consistent with protein synthesis normalization (Fig. 4C) . Interestingly, leucine activates mTOR in a SLC38A9/RRAGD-dependent manner, and our previous microarray study suggested increased slc38a9 and rragd gene expression in CBK heart (Fig. 5 , Bi and Ci), suggesting that CBK hearts may exhibit increased sensitivity to leucine-mediated mTOR activation (27, 45, 46) . RT-PCR and immunoblotting confirmed increased gene and protein expression SLC38A9 and RRAGD in CBK hearts (isolated from mice fed a standard rodent chow; Fig. 5, B and C) .
Chronic activation of the RRAGD/mTOR/4E-BP1 signaling axis in CCM hearts. To address the question whether perturbations in the SLC38A9/RRAGD/mTOR/4E-BP1 signaling axis are a consequence of cardiomyocyte circadian clock disruption, or are specific to the CBK model, we next investigated these components in CCM hearts. Examination of microarray data revealed increased expression of rragd but not slc38a9, in CCM hearts, relative to littermate controls (Fig. 6 , Ai and Bi). RT-PCR and immunoblotting confirmed increased gene and protein expression of RRAGD, but not SLC38A9, in CCM hearts (Fig. 6, A and B) . Similarly, both p-mTOR and p-E4-BP1 were increased in CCM hearts (Fig. 6C) . Collectively, these data suggest that the RRAGD/mTOR/4E-BP1 signaling axis is chronically activated in CCM hearts.
Evidence suggesting hepatocyte clock control of slc5a6 and protein biotinylation in the liver. We next investigated whether circadian clock regulation of slc5a6 was unique to the heart, or more broadly applicable to metabolically active tissues. Accordingly, livers from HBK and littermate control mice were investigated. Unlike control hearts, control livers exhibit a robust time-of-day-dependent rhythm in slc5a6 expression, which is absent in HBK livers (Fig. 7A) . Independent of time-of-day, slc5a6 was repressed by 44% in HBK livers (relative to littermate control livers; Fig. 7A ). Consistent with decreased slc5a6 expression, total protein biotinylation was decreased by 17% in HBK livers; biotinylation of ACC␣/␤ and PC was significantly decreased by 43 and 24%, respectively, in HBK livers in a time-of-day-independent manner, while a slight (10%), but nonsignificant (P ϭ 0.147), decrease in biotinylated PCC/MCC was also observed in HBK livers (Fig.  7B ). Similar to control hearts, control livers did not exhibit a significant time-of-day-dependent oscillation in protein biotinylation (Fig. 7B) . Given the loss of the slc5a6 oscillation in the liver following knockout of BMAL1 (Fig. 7A) , we next investigated whether BMAL1 and/or CLOCK overexpression could induce slc5a6 expression. Overexpression of CLOCK alone, or CLOCK and BMAL1 in combination, significantly increased slc5a6 mRNA levels in HepG2 cells; per2 and hprt/36b4 serve as positive and negative controls, respectively (Fig. 7C) . Interestingly, transfection of cells with both CLOCK and BMAL1 led to a greater induction of BMAL1, relative to transfection with BMAL1 alone (Fig. 7Ci) , consistent with the feedforward actions of the CLOCK/BMAL1 heterodimer (53) . Collectively, these data suggest that the hepatocyte circadian clock regulates slc5a6 expression and protein biotinylation in the liver.
DISCUSSION
The purpose of the present study was to identify a novel mechanistic link between the cardiomyocyte circadian clock and myocardial metabolism. Genetic disruption of the cardiomyocyte circadian clock (i.e., CBK/CCM models) resulted in decreased gene expression of the biotin transporter slc5a6 and a global decrease in protein biotinylation in the heart. Rates of fatty acid oxidation were increased in CBK hearts, consistent with decreased ACC␣/␤ biotinylation, and both parameters were normalized by feeding CBK mice a biotin supplemented diet. Similarly, decreased MCC biotinylation in CBK (and CCM) hearts was associated with decreased leucine oxidation, while biotin supplementation increased MCC biotinylation and partially restored leucine oxidation rates in CBK hearts. We also observed elevated net protein synthesis rates in CBK hearts, which were normalized by biotin supplementation, and provide evidence for clock control of the RRAGD/mTOR/4E-BP1 signaling axis in the heart. Finally, we extend upon our findings in the heart to include another metabolically active tissue and report that disruption of the hepatocyte circadian clock (i.e., HBK model) decreases slc5a6 expression and protein biotinylation in the liver. Collectively, these findings highlight biotinylation as a potential mechanistic link between cell autonomous clocks and metabolism. Circadian clocks undoubtedly influence metabolism. This is highlighted by multiple studies reporting that germline genetic manipulation of numerous circadian clock components invariably impacts metabolic homeostasis. For example, CLOCK mutant mice exhibit altered day-night differences in behaviors such as food intake, as well as in metabolically relevant neurohumoral factors, which is associated with an obesity phenotype (57). BMAL1 knockout mice also exhibit disrupted diurnal variations in behaviors, associated with increased adiposity at a young age (49) . In addition, both CLOCK mutant and BMAL1 knockout mice have been described as models of diabetes, due in part to impairments in insulin secretion (33) . CRY1/2 knockout mice exhibit alterations in gluconeogenesis, while REV-ERB␣ knockout mice display augmented coldinduced energy expenditure (i.e., thermogenesis) (19, 61) in intestinal epithelial cells as a mechanism contributing towards circadian regulation of lipid homeostasis. REV-ERB␣ is known to influence the expression of a number of genes encoding for enzymes in ␤-oxidation in numerous tissues, while evidence suggests that BMAL1/CLOCK influences ␤-oxidation in the liver via an NAMPT/SIRT/acetylation axis (13, 37) . Given that cell autonomous circadian clocks influence ϳ13% of the transcriptome, it is likely that additional mechanisms exist by which the clock governs metabolic processes. We have recently developed multiple models of cell-type specific circadian clock disruption. Two such models, namely CCM and CBK mice, target the cardiomyocyte circadian clock. Using these models, we have previously reported clock control of ketone body, glucose, and fatty acid metabolism (7, 14, 55, 60) . In the case of ketone body utilization, we reported decreased gene and protein expression, as well as enzymatic activity, of ␤-hydroxybutyrate dehydrogenase in CCM and CBK hearts, which was associated with decreased ␤-hydroxybutyrate oxidation (60) . Time-of-day-dependent oscillations in dgat2 (diacylglycerol acyltransferase 2) expression and triglyceride synthesis in control hearts, are both abolished in CCM hearts (55) . Similarly, diurnal variations in both oxidative and nonoxidative glucose metabolism are markedly attenuated in CCM hearts (14) . Previous studies have also observed increased rates of fatty acid oxidation in both CCM and CBK hearts, independent of the time-of-day and/or feeding status (i.e., fed vs. fasted) (7, 60) . This is in striking contrast to decreased rates of ␤-oxidation reported in livers of germline BMAL1 knockout mice (37) . In an attempt to delineate the mechanism(s) responsible for increased fatty acid oxidation in CCM/CBK hearts, we recently interrogated the NAMPT/ NAD ϩ /acetylation axis, as well as the phosphorylation status of AMPK and ACC. However, despite decreased NAMPT and NAD ϩ levels in CCM hearts, protein acetylation was decreased (not increased) (38) ; similar observations have been made in CBK hearts (unpublished observations). It is also noteworthy that recent reports indicate acetylation promotes fatty acid oxidation in the heart (1, 2). In addition, ACC␤ phosphorylation status is identical between CCM and control hearts, while AMPK phosphorylation and activity tends to be decreased (14, 38) ; again, similar observations have been made in CBK hearts (unpublished observations). Collectively, these data are not consistent with the hypothesis that the cardiomyocyte circadian clock influences myocardial ␤-oxidation through the NAMPT/NAD ϩ /acetylation or AMPK/ACC axes. In an attempt to identify mechanisms contributing towards increased fatty acid oxidation rates in CCM and CBK hearts, we turned to a recently published microarray study involving 120 ventricular samples (isolated at different times of day from CCM, CBK, and littermate control mice) (60) . Initial examination of this data set did not readily identify genes encoding for proteins directly involved in fatty acid uptake or the ␤-oxidation pathway. Interestingly, the gene (slc5a6) encoding for the biotin transporter (SMVT) was decreased in both CCM , and net protein synthesis (C) in the heart of CBK and littermate control (CON) mice fed either a biotin supplemented or control diet. Hearts were isolated from mice at ZT6. Data are shown as mean Ϯ SE for 6 separate observations/group. *P Ͻ 0.05 for CON vs. CBK for the same diet. $P Ͻ 0.05 for control vs. biotin for the same genotype. Data are shown as mean Ϯ SE for 6 separate observations/group. CBK, cardiomyocyte-specific BMAL1 knockout mice. Hearts were isolated from mice at ZT6. Biventricular weights are wet heart weights following the described ex vivo perfusion protocol. and CBK hearts. Mammalian carboxylases have an obligate requirement for biotin, due to an active involvement of this vitamin in the catalytic addition of CO 2 to a substrate (termed a "ping-pong" reaction) (31, 54) . Importantly, biotin deficiency results in decreased biotinylation of carboxylases, which in turn decreases their enzymatic activities; this is rapidly reversible by biotin supplementation (10, 16) . The mammalian heart possesses five main carboxylases, involved in fatty acid metabolism (ACC␣/␤), leucine catabolism (MCC), and anaplerosis (PC and PCC) (20) . Consistent with decreased slc5a6 expression (Fig. 1, A and B) , biotinylation of all carboxylases was decreased in both CBK and CCM hearts (relative to littermate controls; Fig. 2, A and B) . Interestingly, protein biotinylation did not exhibit an apparent time-of-day-dependent oscillation in control hearts. This may be due to the relatively slow turnover rates of this posttranslational modification and/or maintenance of a constant rate of biotin uptake over the course of the day. It is noteworthy that previous studies in both rat and mouse hearts indicate that unlike glucose utilization, fatty acid oxidation rates do not exhibit a diurnal variation (7, 55, 59) . Importantly, decreased ACC␤ biotinylation in CCM and CBK hearts is consistent with increased rates of fatty acid oxidation, while decreased MCC biotinylation is consistent with decreased leucine oxidation (Figs. 3 and 4) . Furthermore, biotin supplementation increased protein biotinylation in CBK hearts, normalized rates of fatty acid oxidation, and partially restored leucine oxidation rates (Figs. 3 and 4) . To determine whether circadian clock regulation of biotinylation was a heart-specific phenomenon or a more general mechanism employed by multiple metabolically active tissues, we also investigated livers from HBK mice. Interestingly, slc5a6 gene expression exhibits a marked diurnal variation in control livers, which is completely abolished in HBK livers (Fig. 7A) . Consistent with lower slc5a6 expression, HBK livers exhibit decreased biotinylation of carboxylases (relative to control livers), in a time-of-day-independent manner (Fig. 7B) . Given critical roles of ACC␣, ACC␤, PC, MCC, and PCC in fatty acid synthesis, fatty acid oxidation, gluconeogenesis, leucine catabolism, and analpleorsis, respectively, clock control of biotinylation in the liver has the potential of profoundly influencing metabolic homeostasis. Collectively, these observations are consistent with the hypothesis that cell autonomous circadian clocks influence metabolism through protein biotinylation, in a time-of-day-independent manner. Both CCM and CBK hearts exhibit prohypertrophic phenotypes, which decompensates in CBK (but not CCM) mice with age (i.e., age onset cardiomyopathy) (15, 60) . The mechanism(s) responsible for this phenotype is(are) currently unknown. The present study also investigated rates of leucine incorporation into protein, as an indicator of net protein synthesis. Consistent with a prohypertrophic phenotype, CBK hearts exhibit increased rates of net protein synthesis (Fig. 4C) . Somewhat surprisingly, biotin supplementation normalized rates of protein synthesis in CBK hearts (Fig. 4C) . Leucine is known to promote protein synthesis through activation of mTOR (27, 45, 46) . Given that leucine oxidation is decreased in CBK (and CCM) hearts, we hypothesized that an increase in leucine (and its intermediates) within the cardiomyocyte would lead to activation of mTOR, thereby promoting protein synthesis. Accordingly, partial restoration of leucine oxidation following biotin supplementation may be sufficient to reverse mTOR activation. Consistent with this hypothesis, phosphorylation of mTOR, and its downstream target 4E-BP1, is increased in CBK hearts; biotin supplementation decreased p-4E-BP1 (but not p-mTOR) levels (Fig. 5A) . Previous studies have reported that leucine-mediated activation of mTOR and its downstream targets is dependent on the lysosomal amino acid transporter SLC38A9 and a RAS-related GTP binding protein (RRAGD) (45, 46) . Both SLC38A9 and RRAGD exhibit increased expression in CBK hearts (Fig. 5, B and C) , suggesting increased sensitivity to leucine-induced mTOR activation. Similarly, RRAGD, p-mTOR, and p-4E-BP1 (but not SLC38A9) are elevated in CCM hearts (Fig. 6) . We speculate that the combination of decreased leucine oxidation concomitant with increased leucine-sensitivity (due to increased RRAGD expression) contributes to the prohypertrophic phenotype observed in the heart following genetic disruption of the cardiomyocyte circadian clock (through chronic activation of mTOR). Interestingly, recent studies have reported chronic activation of mTOR signaling in livers of germline BMAL1 knockout mice and that the decreased lifespan observed in these mice is attenuated following treatment with Rapatar (mTOR inhibitor) (26) .
It is important to note that the current study has a number of limitations/shortcomings. Due to similarities in molecular weight, the strategies employed for assessment of protein biotinylation cannot differentiate between ACC␣ and ACC␤, nor between MCC and PCC. Likewise, the possibility exists that proteins other than carboxylases are subject to biotinylation in the heart; if of similar molecular weight to the carboxylases, these proteins could theoretically contribute towards the three primary signals classically described for streptavidin blots. Future immunoprecipitation studies are therefore required to address these concerns. Although biotin supplementation (i.e., rescue) studies were performed in CBK mice, a similar approach was not taken for CCM and HBK mice; whether biotin supplementation normalizes distinct metabolic signatures in HBK mice is of particular interest. Due to constraints associated with radiolabeled tracer studies, the metabolic fates of only two substrates were assessed in the biotin supplementation studies; the possibility remains that biotin supplementation may also influence the glucose utilization perturbations previously reported in CBK hearts (60) . Similarly, PC and PCC play critical roles in anaplerosis, a pivotal process in myocardial oxidative metabolism (12, 20) ; future studies are required to assess whether the cardiomyocyte circadian clock influences anaplerosis in the heart through biotinylation of these carboxylases.
In summary, the present study reports that cell autonomous circadian clocks influence protein biotinylation. In the case of the heart, alterations in biotinylation are associated with predicted perturbations in fatty acid and leucine oxidation. Furthermore, we report that biotinylation appears to influence myocardial protein synthesis. Whether biotinylation-dependent alterations in metabolism and/or protein synthesis contribute towards increased susceptibility to cardiometabolic disease following circadian disruption (e.g., shift work) requires further investigation.
